Microcontact printing (MicroCP) is a form of soft lithography that uses the relief patterns on a master polydimethylsiloxane (PDMS) stamp to form patterns of self-assembled monolayers (SAMs) of ink on the surface of a substrate through conformal contact. Pyramidal PDMS stamps have received a lot of attention in the research community in recent years, due to the fact that the use of the pyramidal architecture has multiple advantages over traditional rectangular and cylindrical PDMS stamps. To better understand the dynamic MicroCP process involving pyramidal PDMS stamps, in this paper, numerical studies on frictionless adhesive contact between pyramidal PDMS stamps and transversely isotropic materials are presented. We use a numerical simulation method in which the adhesive interactions are represented by an interaction potential and the surface deformations are coupled by using half-space Green's functions discretized on the surface. It shows that for pyramidal PDMS stamps, the contact area increases significantly with increasing applied load, and thus, this technique is expected to provide a simple, efficient, and low-cost method to create variable two-dimensional arrays of dot chemical patterns for nanotechnology and biotechnology applications. The DMT-type and Johnson-Kendall-Roberts (JKR)-type-to-DMT-type transition regimes have been explored by conducting the simulations using smaller values of Tabor parameters.
Introduction
MicroCP is a form of soft lithography that uses the relief patterns on a master PDMS stamp to form patterns of SAMs of ink on the surface of a substrate through conformal contact [1] [2] [3] [4] [5] [6] . Because it is capable of very high resolution of printing at a low cost of ownership, it has been widely used in various applications, such as patterning neuronal cells [7, 8] , fundamental studies of cell viability and growth as a function of available space [9, 10] , and various microarray and lab-on-a-chip applications [11, 12] . However, after this technique became popular various limitations and problems arose, all of which affected patterning and reproducibility.
One important problem of the MicroCP is the difficult control of the printing process, which, because of the high compressibility of PDMS, is very sensitive to minute changes in the applied pressure. This oversensitive response leads to frequent and/or uncontrollable collapse of the stamps, thus decreasing the printing accuracy and reproducibility [13, 14] . The collapse of the rectangular and cylindrical PDMS stamps can take various forms, including roof collapse of low-aspect ratio recesses [15] , buckling of high-aspect ratio plates [16] , and lateral sticking of high-aspect ratio plates [17] , each with their specific negative impacts on the quality of printing. Because of its significance, the contact mechanics of the rectangular and cylindrical PDMS stamps has been thoroughly investigated [4, [15] [16] [17] [18] [19] , and it has been found that, in order to avoid or mitigate the unwanted structural deformations during MicroCP, the aspect ratio of PDMS features has to be in the range of 0.2-2, and the inter-feature distance should not exceed 20 times their height [4] .
Many techniques have been developed to avoid those problems, one of which is to use no-contact printing methods, such as the recently developed laser-driven noncontact transfer printing technique [20, 21] . The process involves laser-induced impulsive heating to initiate separation at the interface between PDMS stamp and the inks on its surface due to a large mismatch in coefficients of thermal expansion. The process starts with the retrieval of inks from a donor substrate with an elastomeric transfer tool made of PDMS and patterned with posts. The "inked" stamp is then brought close to the receiving substrate. A pulsed laser beam, focusing on the stamp-ink interface, then causes the active ejection of the inks from the stamp such that they land on the receiving substrate.
Another approach to achieve a better control of the printing process is to use pyramidal PDMS stamps in MicroCP [22] [23] [24] [25] . The use of the pyramidal architecture for the PDMS stamps makes the collapse by buckling and by lateral sticking, i.e., two of the main collapse modes of PDMS stamps, irrelevant [26] , and the pyramidal shape of the PDMS tip ensures a stable mechanical deformation for a controllable wide-range pattern generation. Moreover, the fabrication of the silicon masters is straightforward, as wet anisotropic etching avoids the use of reactive-ion etching, and it can be performed in essentially any laboratory. Furthermore, the confinement of the softer material at the apex of the pyramids, as indicated by lateral-force-mode analysis, has the potential to self-regulate the pattern size. Recently, Filipponi et al. presented a straightforward methodology of designing and fabricating PDMS structures with two-dimensional arrays of pyramidal microposts, which uses the collapse of the stamp to reduce, rather than enlarge the variability of the printing [25] . Hong et al. demonstrated an innovative MicroCP of arrayed dot patterns with variable dot size and density using a single elastomeric stamp consisting of two-dimensional arrays of pyramidal PDMS tips [23] . Variable-dot-size printing, from submicron to a few microns, was achieved by applying different contact pressures to induce variable mechanical deformation and thus the contact area of PDMS tips. Variable density of dot patterns was also achieved in a step-print manner by conducting multiple printing on a transitional stage. As a result, two-dimensional arrays of dot patterns with different dot sizes and densities can be readily printed with a single stamp. This technique eliminates the need for the fabrication of multiple stamps for different pattern sizes and electron beam lithography for submicron printing and thus is expected to be useful in many nanotechnology and biotechnology applications, including single cell and neuron studies.
In an attempt to better understand the dynamic MicroCP process designed by Hong et al. [23] , Gao and Mao conducted a numerical analysis of the Hertz contact problem of a rigid conical frustum indenting a transversely isotropic elastic half-space using both a displacement method and a stress method [27] . Each of the PDMS stamps was modeled as a conical frustum, while the substrate was represented as a transversely isotropic elastic material. Despite the elegance and sophistication of the approach employed by Gao and Mao, no attempt has been made to solve the JKR-type adhesive contact between pyramidal PDMS stamps and the transversely isotropic materials. As the experimentally measured elastic modulus of PDMS stamps was only 0.67 MPa [23] , the contact problem should be considered as JKR-type and so the influence of Van der Waals forces within the contact zone should be taken into account. Moreover, it is important to note that, in their analysis, the stamp model is not exact, as each pyramidal stamp is modeled approximately as a conical frustum.
Although JKR model predicts high-elastic deformation of soft and highly adhering materials correctly, to the best of our knowledge, the JKR-type adhesive contact for transversely isotropic bodies involving more general shapes, such as pyramids, has not been explored either analytically or numerically. In this paper, numerical studies on frictionless adhesive contact between pyramidal PDMS stamps and transversely isotropic materials are presented. We use a numerical simulation method in which the adhesive interactions are represented by an interaction potential, and the surface deformations are coupled by using half-space Green's functions discretized on the surface.
Problem Formulation
In this section, the problem formulation of frictionless adhesive contact problems for a pyramidal PDMS stamp and a printing substrate will be presented. For surface interaction, the empirical potential often used is the Lennard-Jones potential as shown below
where e 0 and r are the potential parameters, and r is the distance between the two atoms or molecules. Integrating Eq. (1) over the surface area (see the Appendix), we can obtain the relationship between the local pressure p and the air gap h as follows:
where W ad is the work of adhesion, and e is a length parameter for the range of the surface interaction [28] . The Derjaguin's approximation [29, 30] is then applied to Eq. (2). The separation between the two surfaces due to the surface interaction as well as the applied load, denoted by h, as shown in Fig. 1 , will be expressed by the following equation [30] [31] [32] [33] :
where the parameter a is the displacement between the two surfaces with respect to the zero force position h ¼ e, i.e., the so-called indentation depth in indentation tests, and the parameter E TI represents the effective elastic contact modulus. For the adhesive contact between two linearly elastic isotropic materials with Young's modulus E i and Poisson's ratio i , where i ¼ 1, 2, E TI can be approximately described by E Ã , which is defined as the effective Young's modulus [30] [31] [32] [33] 
For a material which is transversely isotropic, E TI is much more complicated, as derived in Ref. [33] , but it can be seen that the formulae for numerical simulation for the adhesive contact for transversely isotropic materials have the same mathematical form as the corresponding formulae for isotropic materials, except that the effective elastic contact modulus E TI has different expressions for different materials.
As shown in Fig. 1 , the parameter h o in Eq. (3) is the initial air gap written in rectangular coordinates, i.e., the separation of the surfaces in the absence of applied and adhesive forces. The initial air gap for a right square pyramid with a base size of m Â m and a height of n, as shown in Fig. 2 , can be written as follows:
The contact domain X should be infinite, but the pressure decreases very rapidly as the air gap between the two surfaces becomes larger, and thus, the computational domain can be taken as a finite square X ¼ ½Àa; a Â ½Àa; a, where a is a finite value, representing the size of the computational domain. The total normal load f can be written as follows: Fig. 1 The parameter h o is the initial air gap, i.e., the separation of the surfaces in the absence of applied and adhesive forces, and then due to surface interaction as well as the external loads, the surfaces will deform and the separation between the two points will change from h o to h. a is the displacement (in the z direction) at infinity of body 1 with respect to body 2. To implement the formulae into numerical simulation, we then introduce the following dimensionless variables:
where D is the normalized displacement. The parameter l is the so-called Tabor parameter [34] , which is often used to decide whether the JKR or DMT model would best describe a contact system. Then, the normalized equations (2), (3), and (6) can be written in the following form:
where
The dimensionless form of Eq. (9) after tessellation of the problem domain is shown as follows:
Þ is the influence coefficient, and P ij is the normalized pressure. Equation (12a) can be simplified as
To write Eq. (12b) in a vector form, we have
Since we assume that the surface interaction is governed by the Lennard-Jones potential, P is a highly nonlinear function of H. Even for moderately small mesh size where N ¼ 100, the number of elements of C will be the eighth power of ten, and so the computation can rapidly become intractable. To solve this system of N 2 highly nonlinear equations, a virtual state relaxation method has been used by interposing a virtual dash-pot in the mechanical system. Then, Eq. (12c) is transformed into the following evolution equation for the dynamical system defined by:
The equilibrium solution of this dynamical system is determined by dH=dt ¼ 0, which is the solution of Eq. (12c). In this approach, the indentation depth D is gradually increased, and the H vector obtained from the previous step is used as an initial state for computing H vector in the next step. In each step, we let time evolve until the final state in equilibrium is reached. This method accurately plots all the stable equilibria for each value of D. In all the simulation cases, we first increase the value of D from minimum to the maximum indentation depth to simulate the approach process, and then, we decrease the value of D back to the minimum to simulate the detachment process. If a general numerical technique such as the finite-element method is used, a 3D model should be built with cohesive elements applied at the interface. This semi-analytical approach converts a 3D problem to a 2D problem, and so the computational cost is significantly reduced. In our simulation, the number of meshes at the contact surface is set to be 512 Â 512, which will be computationally prohibitive for commercial finite-element software.
Numerical Simulation Results
In this section, the numerical simulation for the adhesive contact problem between a power-law shaped axisymmetric indenter and a transversely isotropic material is first presented. This particular geometry is chosen for its simplicity and because the analytical solution is known and consequently provides a baseline to compare against. It is assumed that the distances between the contacting bodies can be described as axisymmetric monomial functions as B d r d , where d is the degree of the monomial function and B d is the constant of the shape. We will compare our numerical results with the analytical results [33] . Here, we first provide a brief review of some basic analytical results presented.
The normal force f, the separation distance a, and the contact radius c have the following relationship [33] :
2 =CðdÞÞ with C being the Euler gamma function. We then define the following dimensionless variables:
Equations (13a) and (13b) can be written as the following dimensionless relations: of d is decreased from 2.0 to 1.0, the shape of the indenter changes from a sphere to a sharp cone. To understand the adhesive contact for power-law shaped axisymmetric indenters, we numerically simulate the indentation tests with power-law shaped axisymmetric indenters for five different values of d: 1.00, 1.25, 1.50, 1.75, and 2.00. In the numerical simulations, we assume that the value of the Tabor parameter is always equal to 1.5. The normalized force f versus the normalized displacement a curves for monomial indenters with different values of d are shown in Fig. 3(a) , and the normalized force f versus the normalized contact radius c curves are shown in Fig. 3(b) . The analytical solutions are also plotted for the purpose of comparison. It shows that our numerical results agree very well with the analytical solutions, and the magnitude of the normalized pulloff force f off is monotonically increasing with increasing d. The pull-out force is the maximum tensile force which needs to be applied to break the adhesive contact and rip the indenter off the surface. The discrepancies between numerical solution and analytical solution when the contact radius is small are caused by the fact that when the value of Tabor parameter is not very small, the contact and separation between two surfaces do not occur smoothly, and there are sudden jumping-in or jumping-out of contact behaviors [30] [31] [32] . The adhesive contact between the two surfaces is unstable during both initial contact and separation. This elastic instability is regarded as a common mechanism for energy dissipation during adhesive contact. When two bodies move closer from a large separation, a turning point exists indicating the jumping-on of contacting surfaces when they move infinitesimally closer. On the other hand, when two bodies are pulled off from a contact state, the turning point corresponds to the jumping-off of contacting surfaces. The middle part of the solution branch between the two turning points represents unstable equilibrium states. This issue has been discussed in detail by Greenwood [30] . The relaxation technique we used can only plot the stable solutions. The unstable solutions, which cannot be observed in real-world experiments, can be obtained by using the Riks arc length method of integration [36] . It is indeed a powerful method to find the unstable equilibria, but the computational cost will be significantly increased.
For the case of pyramidal PDMS stamps used in MicroCP, we numerically simulate the printing processes for five different pyramidal shapes. The force f versus the displacement a curves are shown in Fig. 4 . In the experiments conducted by Hong et al. [23] , the actual Young's modulus of the PDMS stamp was characterized as 0.67 MPa, which is close to the nominal value of 0.75 MPa for PDMS with a mixing ratio of 10:1 [37] . We assume that ¼ 0:5 for the PDMS stamp and ¼ 0:22 and E ¼ 69:8 GPa for the glass printing substrate. Based on Eq. (4), we can obtain that E Ã ¼ 0:89 MPa. The work of adhesion W ad can be varied from 25 to 1000 mJ/ m 2 [38] , and based on previous experimental results, we assume that W ad ¼ 144 mJ/ m 2 [39] , which is close to the nominal value of 100 mJ/ m 2 used by Tafazzol et al. [38] . For the stamp shape, the base size was fixed as 6:0 Â 6:0lm 2 , and the height of the PDMS tip was determined as 4.24 lm [23] . Substituting E Ã ¼ 0:89 MPa, W ad ¼ 144 mJ/ m 2 , n ¼ 4.24 lm, and m ¼ 6.0 lm into Eq. (7), we can obtain the relationship between the Tabor parameter l and the length parameter e. From our previous experience in the numerical simulation of indentation tests on a transversely isotropic elastic material by power-law shaped axisymmetric indenters [33] , we found that when the Tabor parameter is larger than 0.8, the numerical results are very close to the analytical solution derived from JKR-type adhesive contact problems. For the JKR adhesion regime, we thus assume that l > 0:8, which gives e < 0:32lm. In the following numerical simulations, we assume that the value of the Tabor parameter is always equal to 0.8 and the value of m is fixed as 6.0 lm. The five different force-displacement curves correspond to five different pyramidal shapes with n equal to 4.24 lm, 5.48 lm, 6.72 lm, 7.36 lm, and 8.18 lm, respectively. It can be seen that the magnitude of the pull-off force f off is monotonically decreasing with increasing values of n.
The relationship between force, displacement, and the contact area will be discussed based on the numerical results. We here adopt Greenwood's definition [30] for contact area, which means the edge of contact area will be regarded as the location of the tensile peak stress. In the following discussion, the normalized contact region length obtained directly from the numerical simulation is denoted by L c ¼ j2X c j ¼ j2Y c j, where (X c ; Y c ) is the coordinate for the tensile peak stress at the corner of the contact area, as shown in Fig. 5 . The dimensional contact region length l c is related to the dimensionless contact region length L c by L c ¼ l c ðn=emÞ. One of the advantages of conducting numerical simulations is that the pressure distribution within the contact area can be obtained. There exists no analytical solution for the pressure distribution within the contact region. Figure 5 plots the normalized pressure distributions in the simulation domain ½À7:0; 7:0 Â ½À7:0; 7:0 for the printing substrate pressed by the pyramidal PDMS stamps when the normalized indentation depth D ¼ 1.0 and 9.0 during approach. Positive values of P represent compressive forces between surfaces, and the edge of contact area can be regarded as the location of the tensile peak stress. It can be seen that the maximum compressive contact pressure at the center of the contact area forms a sharp peak. Figure 6 shows the contact region length l c versus the force f curves for the pyramidal PDMS stamp with five different values of n, and Fig. 7 shows the contact region length l c versus the displacement a curves for five different values of n. Figure 6 also shows the comparison between our numerical results and the experimental data provided by Li et al. [21] . It can be seen that our numerical results agree very well with the experimental data when the applied force is large. It also shows that, unlike columnar structures often used in a conventional PDMS stamp, for the pyramidal PDMS stamp, the contact area increases significantly with increasing applied load, and thus, this technique is expected to provide a simple, efficient, and lowcost method to create variable two-dimensional arrays of dot chemical patterns for nanotechnology and biotechnology applications. The notable discrepancy between the experimental data and numerical results when the contact radius is small is probably caused by the fact that when the value of Tabor parameter is not very small as in this cases involving PDMS, the contact and separation between two surfaces do not occur smoothly and there are sudden jumping-in or jumping-out of contact behaviors [30] . When two bodies move closer from a large separation, a turning point exists indicating the sudden jumping-on of contacting surfaces when they move infinitesimally closer. This significantly complicates the experimental measurements to accurately determine the initial contact area and the initial force. This issue also exists in the nanoindentation tests on PDMS [40] [41] [42] [43] [44] . As discussed by Kaufman and Klapperich [42] , "adhesion models, such as JKR, can be successfully applied to both quasi-static and dynamic nanoindentation experiments to accurately determine elastic modulus values that demonstrate this jump-into-contact behavior. In a prototypical indent, the indenter tip senses a negative load as it approaches the sample such that a minimum force is seen on the loading curve prior to the applied load increasing. The minimum force on the loading curve is then defined as the jump-into-contact and zero displacement position." Wang et al. also discussed this issue, and according to them, many nanoindentation studies ignored this initial contact adhesion force effect, reporting only the positive load portion of the load-displacement curve [41] .
Discussion
By assuming that the value of the Tabor parameter is equal to 0.8, the numerical simulations have been so far carried out only in the JKR adhesion regime. In the JKR-type contact problems, an important assumption is that the surface interaction is absent outside the contact area. The DMT theory deploys cohesive surface forces outside the contact zone, while retaining the Hertzian force-deformation characteristics in the core [45] . This results in the adhesive stress being zero inside the contact area and finite outside it. In 1976, the discrepancy between these two theories was resolved by the realization that they are both valid, but in completely opposite limits of contact behavior [34] . When the induced elastic deformations in the materials are large compared with the range of the attractive forces, which occurs for compliant materials, large sphere radii, and strong, short-range adhesion forces, the JKR model is accurate. The DMT model is accurate in the opposite limit, i.e., stiff materials, small sphere radii, and weak, long-range adhesion forces. The Tabor parameter can be interpreted as the ratio between the normal elastic deformation purely caused by adhesion only, not by the applied load, and the spatial range of the adhesion forces. The JKR model applies to cases when the value of Tabor parameter is large, and the DMT model applies when the Tabor parameter is small. Intermediate values correspond to the transition regime between the JKR and DMT limits. The conventions used for defining this transition parameter are summarized by Greenwood [30] .
To explore the DMT-type regimes and the transition regimes, the contact problem with pyramidal stamps is simulated for the case of N ¼ 7.0 for four different values of Tabor parameter: 0.1, 0.4, 0.6, and 0.8. Figure 8 plots the normalized force F versus Fig. 7 The contact region length l c versus the displacement a curves for the pyramidal PDMS stamp with five different values of n Fig. 8 The normalized force F versus the normalized displacement D curves for the pyramidal PDMS stamps using different values of Tabor parameters Fig. 9 The normalized contact region length L c versus the normalized force F curves for the pyramidal PDMS stamps using different values of Tabor parameters normalized displacement D. Figure 9 plots the normalized contact region length L c versus the normalized force F. Figure 10 plots the normalized contact region length L c versus the normalized displacement D. It can be seen that although the value of Tabor parameter does not influence very much the normalized contact region length L c versus the normalized displacement D curves, but it plays a significant role in affecting the normalized contact region length L c versus the normalized force F curves. This result shows that in order to achieve variable pixel size, a higher value of Tabor parameter is preferred, which means that more adhesive and compliant materials are preferred to be used as the pyramidal stamps. Figure 11 plots a series of normalized pressure distributions in the simulation domain ½À7:0; 7:0 Â ½À7:0; 7:0 for the printing substrate pressed by the pyramidal PDMS stamps when the normalized indentation depth D ¼ 9.0 during approach. This simulation has been performed by using four different values of the Tabor parameter. It can be seen that when the values of Tabor parameter are small, very large values of pressure can be observed within the contact region.
Conclusion
In this paper, numerical studies on JKR-type frictionless adhesive contact between pyramidal PDMS stamps and transversely isotropic materials are presented. The good agreement between the numerical results and the analytical solution for power-law shaped indenters shows that this numerical technique can be applied to study indentation problems with arbitrary shaped bodies. The DMT-type and JKR-type-to-DMT-type transition regimes have been explored by conducting the simulations using smaller values of Tabor parameters. Besides MicroCP, this work has many other applications. For example, it can be used to analyze the impact of contact pressure on output voltage of triboelectric nanogenerator based on deformation of interfacial structures [46] . The triboelectric nanogenerator has attracted special interest these days because of its simple design, high-energy conversion efficiency, broad application areas, a wide materials spectrum, and low-temperature fabrication [47, 48] , and pyramid array structure has been widely used due to its high uniformity and reproducibility [46, 49] . However, despite the various innovative inventions of interfacial structures, careful analyses of the underlying phenomena of contact interface have been modest so far. The current study provides a powerful simulation tool, which can be used to obtain a better understanding of the contact behavior at the micro/nanostructured interface used in triboelectric nanogenerators. Furthermore, instrumented indentation, using preferably pyramid indentors such as Vickers, Berkovich, and Knoop, has proved to be very useful in testing small material volumes [50] . Although instrumented indentation has been in use for about 30 years, many fundamental issues remain unclear, such as the explicit relations between the normal applied load and the depth of penetration, details of the contact area shapes, the contact pressure distributions, and the effect of geometrical imperfections, etc. [51] . The current study will also be very useful in the investigation of those issues.
